The relationship between the crack nucleation and stress-induced martensitic transformation in the retained massive austenites (RM-'s) of austempered ductile irons (ADIs) was examined in detail by carrying out tensile tests and scanning electron microscope (SEM) observations for an ADI material. The SEM observations revealed that cracks were not nucleated in the peripheral regions of graphite nodules but were nucleated in the RM-'s. Surface relief due to stress-induced martensitic transformation was observed near the cracks in the RM-'s, and it was also observed in the RM-'s in which cracks were not visible. For this reason, the cracks were concluded to be nucleated mainly in the RM-'s subjected to stress-induced martensitic transformation.
Introduction
It has generally been supposed that fracture in ductile cast irons is due to some defects, such as a shrinkage pore, introduced during the casting process. In the case of austempered ductile irons (ADIs), martensites are easily stress-induced in the retained massive austenites (RM-'s) formed near eutectic cell boundaries, and the stress-induced martensites are also considered to be an origin of fracture. [1] [2] [3] Therefore, the inhibition of stress-induced martensitic transformation has partly been considered to be a suitable method to develop more strong and tough ADI materials. On the other hand, some other ADI materials have been known to show a high-strength and toughness equivalent to those of quenched and tempered high-strength steels, and the high strength and toughness have been considered to be due to the transformation-induced plasticity (TRIP) phenomenon. 4) Thus, if the stress-induced martensitic transformation in RM-'s is positively utilized, ADI materials with highstrength and toughness may possibly be developed.
In this manner, the stress-induced martensitic transformation in RM-'s has been considered to affect the mechanical properties of ADI materials. However, the occurrence of stress-induced martensitic transformation has not thus far been evidenced microscopically, for example, by electron microscopy. Recently, the present authors have examined in detail the martensitic transformation in RM-'s of an ADI material, and found that martensites were easily induced in the RM-'s by sub-zero cooling or loading to fatigue fracture by a transmission electron microscopy. 5, 6) Thus, they concluded that the stress-induced martensitic transformation in RM-'s decreased the stress concentration at the crack tips in the fatigue fracture process and that such stress relaxation could lead to the formulation of a new guiding principle for ADI material design.
In the present study, the crack nucleation behavior was examined in detail by applying a simple tensile stress to an ADI material in order to clarify further the relationship between fracture and RM-'s, as in the previous studies. 5, 6) The examination was carried out, particularly by paying attention to the relationship between crack nucleation and surface relief due to the stress-induced martensitic transformation in RM-'s. On the basis of the examination, a micromechanism is discussed and a micromodel is proposed for the tensile fracture of ADI materials.
Experimental Procedures

Materials and specimens
In the same manner as in the previous studies, 5, 6) 65 mm Â 65 mm Â 20 mm blocks cut from a Y-shaped ingot (3.77C, 2.61Si, 0.17Mn, 0.012P, 0.006S, 0.043Mg (mass%)) were supplied from a foundry; the ingot was prepared by ensuring that no inclusions and shrinkage pores, which affect the strength of the ductile cast iron, were introduced. Plateshaped specimens of 4 mm thickness, 8 mm width and 45 mm gauge-length were cut from the blocks; the specimen size was the same as the JIS 14B tensile test piece size. The specimens were then austenitized at 1173 K for 3.6 ks in argon atmosphere, and they were subjected to austempering for 3.6 ks in a salt bath held at 673, 623 and 573 K, followed by water quenching. The surface of the austempered specimens was polished with waterproof emery papers and aluminum powders in order to remove the decarbonized surface layer. The austempered specimens were labeled 673-, 623-and 573-ADIs. Etched specimens with nital (a mixture of nitric acid and alcohol) were also supplied for the experiments in order to confirm the geometrical relationship between the crack nucleation and the microstructure, since etching was verified in a previous experiment to have no effect on the results of tensile tests.
Tensile tests and microscopic observations of crack
nucleation behavior and fracture surfaces The tensile tests were carried out using a tension-compression testing machine (JT Toshi, SC-200M) equipped with a CCD camera (with magnification of 75 to 200). The machine was operated at a cross-head speed of 0.5 mm/min in air and at room temperature. Strain was measured using a strain gauge attached to the surface of tensile-test specimens. The crack nucleation behavior was recorded using the CCD camera. When changes, such as crack nucleation, were observed, the tensile load was immediately removed and the surface morphology was observed in detail using a highresolution scanning electron microscope with a field emission electron gun (SEM, Hitachi S-4200 type). Fractography of the fracture surfaces was analyzed using the SEM, too.
Experimental Results and Discussion
Microstructures and tensile strengths
The etched surface (with nital) of the 623-ADI was first observed using an optical microscope (OM), and an example of OM microstructures is shown in Fig. 1 . Graphite nodules, bainitic ferrites and two types of retained austenites, namely, the fine RF-'s between bainitic ferrite plates and the massive RM-'s near eutectic cell boundaries, are observed. The average diameter of the graphite nodules is about 40 mm, and nodularity is 83%, without any secondary precipitation of graphite nodules during the austenitization and austempering. The average size of the RM-'s was measured to be 40 mm on specimen surfaces.
The mechanical properties of the 623-ADI were then tensile-tested, and tensile strength, 0.2% proof stress and elongation were determined to be 1135 MPa, 890 MPa and 7.5%, respectively, which are the mean values of five specimens. The austempered temperature is almost the middle of the upper and lower bainitic transformation temperatures. Therefore, the above-mentioned mechanical properties are supposed to be middle of those of the upper and lower bainitic ADI materials. The tensile strength and elongation of the upper bainitic ADI materials were previously determined to be 800 to 1000 MPa and 6 to 12%, respectively, and those of the lower bainitic ADI materials to be 1200 to 1400 MPa and 1 to 3%, respectively.
7)
The above-mentioned values for the 623-ADI are nearly middle, as supposed. Therefore, the microstructure of the 623-ADI is also expected to be middle of those of the upper and lower bainitic microstructures. Thus, austempered specimens at 673 K in the upper bainitic temperature range and at 573 K in the lower bainitic temperature range were prepared by holding for 1.8, 3.6, 14.4 and 28.8 ks, and their microstructures were observed and compared with those of the 623-ADI.
The bainitic ferrites and retained austenites observed in the microstructures of the 673-and 573-ADIs are similar, but their distribution and morphology are different depending on the austempering period. That is, when the austempering period is short, the amounts of bainitic ferrites and retained austenites are small and large, respectively. The large amount of retained austenites is formed definitely near eutectic cell boundaries. Figure 2 shows the typical SEM microstructures of the 673-and 573-ADIs, as well as that of the 623-ADI. The bainitic ferrites in the 673-ADI exhibit a feather-like structure similar to that of the upper bainite in carbon steels, and those in the 573-ADI exhibit a needle-like structure similar to that of the lower bainite in carbon steels. On the other hand, it is difficult to distinguish whether those in the 623-ADI are similar to the feather-and needle-like structures of the 673-and 573-ADIs. However, the microstructure of the 623-ADI is suggested to be a mixture of the feather-and needle-like structures of the 673-and 573-ADIs. Thus, the 0.2 mm 0.2 mm middle mechanical properties of the 623-ADI were also verified metallographically. The existence of RM-'s has generally been considered to exert a harmful effect on the mechanical properties 8) of ADI materials, particularly toughness and ductility, as mentioned in Introduction. In the present experiment, however, the 623-ADI was definitely shown to exhibit a high strength and elongation, and martensites were stress-induced in RM-'s during the tensile test. In addition, the present authors previously showed that RM-'s are easily transformed to martensites by inserting ADI materials into liquid nitrogen or by loading ADI materials to fatigue fracture, using a transmission electron microscopy. 5, 6) Therefore, the present high strength and elongation are considered to be partly due to the TRIP phenomenon, as previously proposed. 4) Thus, the relationship between the stress-induced martensitic transformation and crack nucleation in RM-'s is discussed in more detail in the next section.
Stress-induced martensitic transformation in RM-
during tensile deformation Figure 3 shows a stress-strain curve for the 623-ADI, as well as (a) to (f) the microstructures of the surface of deformed specimens corresponding to the arrowed three points on the stress-strain curve, (a) to (c) the occurrence of cracks in RM-'s, as shown by arrows, and (d) to (f) the occurrence of separations along the interface between a graphite nodule and a matrix, as shown by double arrows. The Mises equivalent plastic strains, " p , of the three points are also indicated on the stress-strain curve.
Immediately after a deformation (" p ¼ 0:0011) exceeding the elastic limit, a narrow separation is observed along the interface between a graphite nodule and a matrix, and is normal to the tensile load direction, as shown by a double arrow in Fig. 3(e) , but cracks are not observed in the other areas, for example, as seen in Fig. 3(a) . Cracks are still not observed up to a deformation of " p ¼ 0:0096, but immediately after a deformation of " p ¼ 0:0126, cracks become visible only in RM-'s, as shown by an arrow at the central area of Fig. 3(b) . The arrowed crack is observed so as to connect two inclusions in RM-'s. However, up to this deformation, cracks are not observed in the other matrix areas and in the peripheral regions of graphite nodules, as seen in Figs. 3(b) and (e), respectively. When strain is increased further (" p ¼ 0:0169), a wider separation becomes visible along another interface between a graphite nodule and a matrix, as if the first narrow separation is expanded by plastic deformation, as shown by a double arrow in Fig. 3(f) , but cracks are not observed near the wide separation. On the other hand, cracks are nucleated even in RM-'s where inclusions are not observed, as shown by arrows in the central area of Fig. 3(c) , and also nucleated in two RM-'s whose distance is about 100 mm, as shown by arrows in Fig. 4 . The latter cracks are easily supposed to be connected with each other under further loading. These observations clearly indicate that cracks are scarcely nucleated in the matrix near the peripheral regions of graphite nodules, and that they are more frequently nucleated in RM-'s. The ADI specimens consisting such RM-'s finally start to fracture. Figure 5 shows an enlarged SEM microstructure of the white framed area in Fig. 3(b) , from which the nucleation of a crack in one RM-was examined in detail. A particular surface relief is observed in the neighboring region of the crack, as previously reported. 5, 6) The surface relief is clearly formed by a shear strain, indicating that the corresponding regions are subjected to stress-induced martensitic transformation. The formation of martensites is accompanied by hardening and volume expansion against a neighboring crystal, and a complex strain is generated in the RM-near the martensites. Therefore, the crack nucleation in RM-'s is considered to be related to not only the existence of inclusions but also the stress-inducement of martensites.
To confirm the sequential relationship between stressinduced martensitic transformation and crack nucleation, SEM observation was carried out on the surface of an ADI material, which was loaded up to a strain of " p ¼ 0:0126 and whose RM-'s did not exhibit cracks. If the stress-induced martensitic transformation were caused after the crack nucleation, the surface relief due to the martensitic transformation would not be observed in RM-'s without cracks. However, the surface relief was observed even in RM-'s in which inclusions and cracks were not observed, as shown (a) microscopically and (b) schematically in Fig. 6 . Thus, cracks are reasonably concluded to be nucleated after the stressinduced martensitic transformation.
Habit planes of stress-induced martensites
As previously mentioned, the stress-induced martensitic transformation in RM-'s under tensile loading is known to affect mechanical behaviors, such as deformation and fracture. It is also known to exhibit a few crystallographic characteristics, such as the orientation relationships between the martensite and austenite crystals. Two typical orientation relationships are known, namely, the Nishiyama relationships for Fe-Ni alloys (with more than 29 mass%Ni) and Fe-C steels (with more than 1.4 mass%C) 9, 10) and the Kurdjumov-Sachs relationships for Fe-C steels (with less than 1.4 mass%C).
11) These relationships have crystallographically equivalent variants; the former relationships have 12 variants and the latter relationships have 24 variants. According to the previous studies, 5, 6) the RM-'s of the present ADI material were estimated to contain 1.0 to 1.4 mass%C, referring to the austempering temperatures. Thus, the martensites formed in the present RM-'s are considered to possess the Kurdjumov-Sachs relationships and 24 variants possibly with {225}-type habit planes. However, if a uniaxial stress was applied to the RM-'s, the limited variants of martensites should be stress-induced along some specific habit planes that may contain both the maximum shear stress direction of the applied load and the shear direction during the martensitic transformation. In 25 25 µm The tensile direction is vertical in the figure. addition, a characteristic volume expansion would be generated during the martensitic transformation. By considering these crystallographic characteristics, martensitic surface relief was examined for the thermally-induced and stress-induced martensites formed during sub-zero cooling to liquid nitrogen temperature and tensile loading, respectively, and the two types of surface relief were compared with each other. Figure 7 shows a series of SEM microstructures of the surface relief accompanied with the thermally-induced martensitic transformation in RM-'s sub-zero cooled into liquid nitrogen. Figures 7(a) and (b) show the SEM microstructures before and after, respectively, the sub-zero cooling. In Fig. 7(b) , surface relief is observed along various habit planes, as known from its key diagram, Fig. 7(c) , although their indices could not be specified. On the other hand, the surface relief accompanied with a stress-induced martensitic transformation is observed only along a few limited habit planes, as already seen in Fig. 6 . That is, the lengthwise direction of two kinds of surface relief is inclined against the tensile axis by about 30 to 60 degrees. According to the Schmid law 12) in plastic deformation, the maximum resolved shear stress direction makes 45 degree against the tensile axis, and therefore, two kinds of martensitic surface relief are expected to be formed along the habit planes containing the maximum resolved shear stress direction. Several martensitic surface relief actually observed make angles of 30 to 60 degrees against the tensile axis, as mentioned. This is because the habit planes of some martensites nearly contain the maximum resolved shear stress direction, but the intersected angles of the habit planes to the specimen surface may be slightly different in the angle range between 30 and 60 degrees. (c) show the detailed fractographs of the matrix regions, exhibiting ductile and brittle fracture morphologies, respectively. The former fractograph exhibits a dimple pattern, and the latter dose a quasi-cleavage or intergranular fracture pattern. The ductile fracture is observed in the bainitic ferrite regions near the graphite nodules; thus, the bainitic ferrite regions are considered to be originally ductile. On the other hand, the brittle fracture is observed in regions containing eutectic cell boundaries, and the size of each region is equivalent to that of the observed RM-'s. Thus, the RM-'s are subjected to a brittle fracture. Traces of inclusions, which were not excluded in the manufacturing process of the supplied ingot, and some secondary cracks are also observed on the fracture surfaces. Thus, complex strain fields are assumed to be locally built up during the fracture processes. Detailed analyses of the results of fractography are reported in another paper, but it can be concluded here that the bainitic ferrite and the RM-'s in ADI materials exhibit a ductile fracture and a brittle fracture, respectively.
µm
Model for fracture under tensile loading
On the basis of the results and discussion in the preceding sections, the fracture in ADI materials under tensile loading is discussed from macroscopic and microscopic viewpoints, and then a model for the fracture is proposed in this section, which is schematically shown in Figs. 9 and 10 .
When a tensile load is applied to an ADI material, separations are first caused along the interfaces between graphite nodules and their matrices immediately after a deformation exceeding the elastic limit, as actually observed in Fig. 3(e) . The stress induced in the matrix regions consisting of the bainitic ferrite, RF-and RM-may be relaxed by the separations; this is illustrated in Fig. 9(b) . Upon further loading, the stress may not perfectly be relaxed only by such separations, and more stress is induced in the matrix regions. However, since RM-'s easily transforms to martensites, one RM-of the matrix regions may be subjected to a stress-induced martensitic transformation, and the induced stress may be relaxed by the TRIP phenomenon. Thus, two areas seem to be formed in the transformed RM-, namely, the stress-relaxed and the notstress-relaxed areas. In addition to the formation of such stress areas, hardening and volume expansion also occur in the RM-during the stress-induced martensitic transformation, and the transformed RM-becomes a complex stress state. Under much further loading, neighboring untransformed RM-'s may be subjected to a stress-induced martensitic transformation, and the induced stress is successively relaxed by the TRIP phenomenon, in the same manner as the above. However, the stress relaxation may not be completed by the TRIP phenomenon alone, and finally, martensitic transformation may successively occur in the other RM-, and cracks are similarly nucleated in the other RM-'s [as shown on the left-hand side of Fig. 9(c) ]. When the induced stress in RM-'s could not be relaxed by the TRIP phenomenon, stress should also be induced in the bainitic ferrite and RF-of the matrix regions. As a result, the cracks nucleated in two RM-'s are connected through adjacent interface separations, and the ADI material is finally fractured, as shown in Fig. 9(d) . Figure 10 shows an enlarged illustration of the framed area (c) 0 in Fig. 9 (c) and the relationship between the stressinduced martensitic transformation and crack nucleation in one RM-. The RM-was not clarified crystallographically, but was determined to consist of a few grains in a previous study. 5, 6) As previously mentioned, when a tensile load is applied to an ADI material, martensites are stress-induced in a crystal grain of one RM-, making angles of 30 to 60 degrees against the tensile axis. The stress-induced martensites are nucleated on grain boundaries and/or lattice imperfections, such as inclusions, as in typical carbon steels. They are not able to grow into neighboring grains crossing the grain boundaries, but are able to successively cause other martensites in neighboring grains starting from stressconcentrated regions at the grain boundaries. This successive formation of other martensites in neighboring grains is called the burst phenomenon. 13) Since a comparatively large plastic deformation is caused by the formation of martensites, a complex strain field should be formed along the boundaries between the martensite and austenite crystals. In this manner, cracks may be nucleated at the boundaries and propagate into the austenite grains and also along the grain boundaries, as shown. Therefore, RM-'s on fracture surfaces should exhibit a quasi-cleavage or an intergranular fracture pattern. This is actually verified by the SEM fractography in the preceding section.
3.6 Development principle of ADI materials with high strength and toughness As mentioned in Introduction, the high strength and toughness of some ADI materials, which are equivalent to those of quenched and tempered high-strength steels, are achieved via the TRIP phenomenon. 4) This phenomenon is known to be realized in the steel under a loading, and is now accepted to be responsible for the improvement of the strength and toughness by a stress-induced transformation from the metastable austenite to martensite. 14) Therefore, the occurrence of martensitic transformation before the crack nucleation is considered to be necessary for improving the strength and toughness of ADI materials. In the present experiment, the martensitic transformation is actually observed to occur in RM-'s of an ADI material before the crack nucleation, and thus, the necessary condition is verified. Therefore, in order to develop new ADI materials with a high strength and toughness based on the present ADI material with conventional elements and compositions, the RM-'s must be positively utilized more than the RF-'s. The reason is because RM-'s is more easily transformed to martensites under stress. This means that the strength and toughness of ADI materials can further be improved by distributing the RM-'s, with a suitable size and a suitable carbon content, among the matrix regions consisting of the bainitic ferrite and RF-and having a comparatively highstrength. However, to realize this, further metallographic studies on the bainitic ferrite, RM-and stress-induced martensites formed during the deformation and fracture processes may be required. The results of such studies will be presented in the next report.
Conclusions
The relationship between the crack nucleation and stressinduced martensitic transformation in RM-'s of an ADI material was examined by carring out tensile tests and SEM observations. The SEM observations revealed that cracks were nucleated in RM-'s, not in the peripheral regions of graphite nodules, and that they developed to macroscopic fractures. The high-resolution SEM observations also revealed the occurence of surface relief due to the stressinduced martensitic transformation near the cracks in RM-'s. The surface relief was also observed even in RM-'s where the cracks were not still nucleated. Thus, the cracks were concluded to occur in the RM-'s subjected to the stress-induced martensitic transformation. On the basis of the obtained results, a fracture model was proposed for ADI materials under tensile loading. 
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